Edwardsiella piscicida (E. piscicida) is an intracellular pathogen within a broad 20 spectrum of hosts. Essential to E. piscicida virulence is its ability to survive and 21 replicate inside host cells, yet the underlying mechanisms and the nature of the 22 35 Keywords: Edwardsiella piscicida T3SS effector intracellular trafficking 36 Author summary 37 E. piscicida is a facultative intracellular bacterium associated with septicemia and 38 fatal infections in many animals, including fish and humans. However, little is known 39 about its intracellular life, which is important for successful invasion of the host. The 40 present study is the first comprehensive characterization of E. piscicida's intracellular 41 life-style in host cells. Upon internalization, E. piscicida is transiently contained in 42 Rab5-positive vacuoles, but the pathogen prevents further endosome maturation and 43 fusion with lysosomes by utilizing an T3SS effector EseJ. In addition, the bacterium 44
replicative compartment remain unclear. Here, we characterized its intracellular 23 lifestyle in non-phagocytic cells and showed that intracellular replication of E. piscicida 24 in non-phagocytic cells is dependent on its type III secretion system. Following 25 internalization, E. piscicida is contained in vacuoles that transiently mature into early 26 endosomes, but subsequently bypasses the classical endosome pathway and fusion with 27 lysosomes which depends on its T3SS. Following a rapid escape from the degradative 28 pathway, E. piscicida was found to create a specialized replication-permissive niche 29 characterized by endoplasmic reticulum (ER) markers. We also found that a T3SS 30 effector EseJ is responsible for intracellular replication of E. piscicida by preventing 31 endosome/lysosome fusion. Furthermore, in vivo experiments confirmed that EseJ is 32 necessary for bacterial colonization of E. piscicida in both mice and zebrafish. Thus, 33 this work elucidates the strategies used by E. piscicida to survive and proliferate within 34 host non-phagocytic cells. during infection. 48 Introduction 50 Intracellular pathogens often invade host cells as a means of escaping extracellular 51 immune defenses and creating a safe niche for replication. However, internalized 52 pathogens are not entirely protected, as they are normally routed to lysosomes for 53 degradation. Invasive pathogens must devise strategies to avoid this. Typically, 54 intracellular pathogens either (i) reside within a customized, membrane-bound 55 compartment, which limits trafficking along the endosomal pathway, as observed for 56 Legionella [1], Brucella subspp [2] and Salmonella [3] , or (ii) rupture and escape their 57 vacuole to reside and replicate in the host cytosol, as in the case for Shigella, Listeria, 58 and Rickettsia subspp [4] . 59 Many pathogenic bacteria are found to proliferate in a membrane-bound 60 compartment. These bacteria adopt different strategies to survive after phagocytosis. 61 Some bacteria, such as Salmonella [5] and Coxiella burnetiid [6] , survive and 62 proliferate in an acidic compartment. Other pathogens avoid lysosomal fusion by 63 blocking phagosome maturation, such as Mycobacterium tuberculosis [7] , or by 64 hijacking the eukaryotic secretory pathway, such as Legionella pneumophila [1] . E. 65 piscicida was reported to reside within membrane-bound vacuoles (ECVs) after 66 infection of both phagocytic and non-phagocytic cells [8, 9] . However, the mechanism 67 by which the bacterium evade lysosomal degradation remains unclear. 68 Host cell manipulation by pathogenic bacteria is largely mediated through the 69 delivery of an arsenal of virulence proteins called effectors to the host cell cytosol 70 [10, 11] [20] . EseG was reported to localize to the ECV 80 membrane, but its function remains undefined [21] . EseJ was reported to be involved 81 in the adhesion stage during infection [17] . However, the virulence factors involved in 82 the regulation of replication of E. piscicida in host cells remain unknown. 83 Given previous findings supporting the ability of E. piscicida to invade, survive, 84 and replicate within non-phagocytic cells [8] , the goal of the present work was to 85 uncover the strategies and molecular mechanisms used by this pathogen to circumvent 86 lysosomal routing and establish a replicative niche within the host. We have identified 87 an effector EseJ that is required for intracellular replication in a specialized vacuole that 88 is important for E. piscicida replication inside host cells. We found that EseJ acts by 89 inhibiting lysosome degradation of the pathogen which we find is important for 90 systemic infection in vivo. Through these strategies, E. piscicida successfully 91 establishes an intracellular lifestyle that could contribute to its survival and 92 dissemination during infection.
93

Results
94
Intracellular replication of E. piscicida in non-phagocytic cells depends on its T3SS
95 but not T6SS. 96 E. piscicida prefers an intracellular lifestyle upon infection in either epithelial [8] or 97 phagocytic cells [23] . However, the virulence factors involved in such an intracellular 98 process remain undefined. Considering that T3SS and T6SS are the most important 99 virulence factors for E. piscicida, we first monitored the survival and replication of both 100 the wild-type EIB202 and the isogenic T3SS or T6SS mutant strains in three different 101 non-phagocytic cells, HeLa, Caco-2 and ZF4. Both EIB202 and T6SS infection of 102 nonphagocytic cells, followed by gentamicin-induced death of extracellular bacteria, 103 revealed a progressive increase in intracellular bacterial numbers over time ( Fig 1A) . 104 In contrast, no replication was observed in the T3SS mutant, indicating that a 105 functional T3SS, but not a T6SS, is required for intracellular survival of E. piscicida in 106 non-phagocytic cells. In order to visualize bacterial invasion and intracellular 107 replication, HeLa cells were infected with green fluorescent protein (GFP)-tagged E. 108 piscicida strains, confocal microscopy images were acquired and the number of 109 intracellular bacteria in EIB202-infected cells were scored over time. About 15% of 110 HeLa cells containing hyper-replicating bacteria were observed after EIB202 and 111 T6SS infection for 8 h, but not with the T3SS mutant strain ( Fig 1B and 1C) . 112 Collectively, these results suggest that E. piscicida can survive and replicate in non-113 phagocytic cells via a mechanism mediated by the T3SS, but not T6SS. wild-type and T3SS mutant were found enclosed within vacuoles that co-localized 134 with the early endosomal protein Rab5 (Fig 2A and 2B) , indicating interactions with 135 early endosomes. These interactions were transient, as Rab5 colocalization rapidly 136 decreased to 5% and 3% by 4 h post-gentamicin incubation after infection with both 137 wild-type EIB202 and the T3SS mutant strains (Fig 2A and B) . As Rab5 138 colocalization was progressively lost, an increasing number of T3SS mutant bacteria 139 colocalized with the late endosomal markers Rab7 and lysosome-associated membrane 140 protein 1 (Lamp-1) over time, which is consistent with vacuolar maturation (Fig 2B-E) . 141 In contrast, the majority of the vacuoles containing wild-type EIB202 were negative for 142 both Rab7 and Lamp1 (Fig 2B-E) . These results suggest wild-type E. piscicida 143 transiently interacts with early endosomes, but avoids endosome maturation during 144 infection. 145 Considering that luminal acidification is another critical characteristic of endosome 146 maturation, we used the fixable acid tropic probe LysoTracker to monitor acidic 147 organelles in infected cells. A major overlap was found between the dye and T3SS 148 mutant strain, but not wild-type EIB202 as early as 2 h ( Fig 3A and B) . Thus, these 149 results suggest the ECVs formed by the wild-type bacterium avoid vacuolar 150 acidification and maturation by perturbing the fusion with lysosomes. To further 151 understand this process, we assessed ECV co-localization with TR-dextran. Prior to 152 bacterial infection, cells were pulsed with TR-dextran for 6 h followed by overnight 153 chase in dye-free medium to ensure that the probe is delivered from early and recycling 154 endosomes to lysosomes [25] . Confocal immunofluorescence and quantification data 155 showed that the majority of wild-type EIB202-containing vacuoles did not co-localize 156 with TR-dextran ( Fig 3C and D) . In contrast, when cells were infected with the T3SS 157 strain, more than 70% of the ECVs did co-localize with TR-dextran at 8 h post-158 infection ( Fig 3C and D) . Taken together, these results indicate that E. piscicida utilize 159 its T3SS to successfully evade lysosomal fusion and ultimately replicate in nonacidic 160 compartments lacking lysosomal or late endosomal characteristics.
161
ECVs acquire ER markers during maturation into a replicative organelle 162 Our results iundicate that wild-type E. piscicida circumvented the classical endocytic 163 pathway to establish a specialized replication-permissive niche. This raises the 164 possibility that the bacterium may interact with other intracellular compartments. The 165 endoplasmic reticulum (ER) was reported to be recruited and hijacked by many 166 intracellular pathogens to create their replication niche [1, 26] . We first used a specific 167 ER-tracker dye to assess the intracellular ER structures and analyzed the presence of 168 ER marker in bacterium-containing vacuoles. Surprisingly, ER-tracker labeling was 169 present in the EIB202 replication compartment located at the perinuclear regions of 170 HeLa cells, but this was excluded in T3SS-containing vacuoles (Fig 4A and B) . The 171 same result was observed when we studied the distribution of the ER membrane-bound 172 lectin calnexin in EIB202 or T3SS-infected cells (Fig 4C and D) individual effectors, we tested the ability of WT and isogenic E. piscicida effector 180 mutants to replicate inside non-phagocytic host cells. We found that only the eseJ 181 mutant showed a marked deficiency in intracellular replication compared to wild-type 182 bacteria as assessed by CFU intracellular counts (Fig. 5A ). To determine whether the 183 impaired ability of the eseJ mutant to replicate intracellularly was attributed to effects 184 on lysosome fusion and degradation, we investigated the characteristics of the eseJ- (Fig 5B and S2B Fig) . Moreover, the mature Lamp-1-positive eseJ-containing 188 vacuoles were found to be fused with lysosomes as assessed using the acidification 189 probe LysoTracker Red DND-99 and pre-loaded Dextran (Fig 5C and 5D) . These shown above, the dextran derivatives co-localized with a Mander's coefficient of more 204 than 0.5 in control cells, suggesting significant endosome-lysosome fusion, whereas 205 EseJ-HA expression resulted in significantly less co-localization (Fig 6 C and 6D) . 206 Collectively, these results demonstrate that T3SS effector EseJ is both necessary and 207 sufficient to block endocytic trafficking to lysosomes and consequently critical for E. 208 piscicida's intracellular replication.
209
Role of EseJ in E. piscicida's infection in vivo
210 E. piscicida T3SS was reported to act as a critical virulence factor in disease 211 pathogenesis in both mouse and fish infection models [23, 27] . To assess the role of the 212 T3SS effector EseJ in animal infection, C57BL/6 wild-type mice were orally infected 213 with wild-type and isogenic eseJ E. piscicida strains. Compared to wild-type EIB202, 214 the eseJ strain showed reduced bacterial burdens in the cecum and intestinal lumen as 215 well as systemic sites including the liver, spleen and kidneys ( Fig 7A) . Likewise, 216 reduced colonization of the eseJ mutant was observed in zebrafish larvae after 217 infection when compared to the wild-type bacterium ( Fig 7B) . Notably, zebrafish 218 infected with wild-type E. piscicida showed marked mortality, with ~75% of the 219 animals succumbing by day 3-4 post-infection whereas only ~50% of fish succumbed 220 to infection with the eseJ mutant (Fig. 7C) . Collectively, these data suggest that the 221 effector EseJ contributes to E. piscicida colonization and virulence in vivo. to lysosomes (Fig 5 and Fig 6) . Notably, the eseJ mutant was greatly impaired in 
Construction of mutant strains
In-frame deletion mutants of the effector genes including eseG, eseJ, eseH and eseK 298 were generated by the sacB-based allelic exchange as previously described. The 299 fragments upstream and downstream of each effector gene were fused by overlap PCR. All experiments were performed three times (as indicated in the figure legends). 381 Statistical analyses were performed by using the student's t-test in the SPSS software 382 (Version 11.5, SPSS Inc.) . In all cases, the significance level was defined as * p ≤ 0.05, 383 ** p ≤ 0.01 and *** p ≤ 0.001. 384 
